The isometric exercise induced tibial bone strength adaptations due to various prescribed net resultant forces generated by a leg arranged with specified hip, knee, and ankle joint angles were examined using a computationally based bone shape adaptation model. With the leg straight, or the knee flexed at 90°, and the hip either neutral or flexed by 45°, a force was repeatedly generated at the toe either anteriorly, posteriorly, superiorly, or inferiorly, in paired sequences of these directions, or in a clockwise pattern of all four directions. Model-predicted individual muscle forces, amounts of cortical bone surface accretion or resorption, and the resulting changes in bone stress distributions were compared. Similarities between adaptations to specific combinations of joint angles and net resultant force directions were found to follow similarities in the bone stress distributions rather than in muscle activity. The ratio of standard deviation to the surface-averaged measure of local stress was a good predictor of potential improvement in overall stress state uniformity. With flexed knee and neutral hip, greater adaptive improvements in tibial surface stress uniformity were found than with both joints flexed. Flexed configurations caused greater changes and overall strength improvements than exercises performed with a straight leg. Regions of local tibial cortical thickening were identified for specific joint angles and singleload resultant force directions. Sequential series of loads were also identified to enhance these effects and mitigate concurrent thinning in other regions. The presented information can aid in the design and analysis of targeted muscle and bone strengthening exercises.
Introduction
Musculoskeletal weakening is often caused by age, disuse, or decreased gravitational forces and can have extensive detrimental effects, from a simple reduction in strength to a significant loss of functional mobility and independence. Because of this and the potential of subsequent impacts on the function of all other physiological systems, many resources have been dedicated to the study, development, and implementation of bone and muscle strengthening techniques aimed at mitigating the losses and improving the fracture resistance of failure-prone regions of bone. Mechanical means, through exercise regimens, have often been targeted as low cost, easily executed, and effective countermeasures that directly improve the structural integrity of the whole bone rather than reducing the rate of bone tissue material weakening, as is the aim of many pharmaceutical-based solutions. [1] [2] [3] [4] [5] [6] However, direct quantitative comparisons of the effectiveness of specific sets of exercises parameters at improving the strength of targeted, fracture prone, or weakened regions of a bone have been limited both in physical investigations [10] [11] [12] [13] [14] [15] and through computational simulations, [16] [17] [18] mainly because of the lack of condition-and subject-independent analysis tools and comparison measures. This study presents such quantitative comparisons of the bone strengthening effects of various exercises through the coupling of a recently developed and validated parameter-independent numerical shape optimization tool 19, 20 with the prediction of the magnitudes of individual muscle force in a musculoskeletal system 21 New Jersey Institute of Technology, USA based on a well-established muscle force optimization model. 22 In this way, the relative local and global bone strengthening effects of variations in individual muscle forces within a multi-joint system can be assessed.
Static, isometric exercises, where forces are produced without movement, have been shown to induce greater improvements in muscle and bone strength than have dynamic activities [7] [8] [9] and have been successfully used to both mitigate losses due to decreased gravitational forces 7 and disuse, 8 as well as to regain strength upon returning to normal activity. 23 They are, therefore, the subject of the current study. Such isometric bone strengthening exercises are typically designed to either exert or resist a particular net resultant force acting at the end of a limb (at the hand or foot) when the limb is statically arranged at a configuration defined by a set of specified joint angles (shoulder/ elbow/wrist or hip/knee/ankle bent in a particular manner). Therefore, it is the combined effects of these two variables, the prescribed net resultant force generated by the system, and the system configuration defined by the values of the joint angles, which together alter the muscle forces and bone stress distributions and, thus, the ensuing local and whole bone strength adaptations.
The importance of limb configuration (joint angles) in the ability of a musculoskeletal system to generate a specific net isometric resultant force and the influence of the activity of individual muscles within the system on this relationship has been extensively studied experimentally. [24] [25] [26] [27] Through experimental methods, it has been reported that isometric muscle training is ''joint angle specific,'' meaning that the maximum net resultant isometric force (or moment) that can be generated by a system varies based on the particular set of joint angles in which the system is configured when it generates the resultant force. Measurements of maximum net moment or force exerted by the leg system at trained and untrained joint angles have shown that training-induced increases in the maximum net isometric force created by the system studied occur only in the specific leg configurations (i.e., for the specific sets of joint angles) used for the training. 24, 28 As with joint angles, previous studies have shown that changes to the direction of the net resultant force can significantly impact the distribution and magnitudes of the individual muscle forces generated in a leg system arranged with a single set of joint angles 28, 29 and of the bone stresses they induce. 21 Despite the insight gained from these studies, the ability to measure a large set of active muscle forces, to quantitatively discern relative local bone strength improvements, and to use these to identify the reasons for the trends observed from these experimental measurements has been limited. This sometimes leads investigators to cite physiological, rather than mechanical phenomena as the integral causes of the relationships that have been observed between joint angles and maximum generated net resultant isometric moments or forces and to make assumptions about the effects of synergistic and antagonistic muscle activity in the creation of net joint moments. [25] [26] [27] Computational modeling, simulation, and analysis often are used to improve the understanding of physical systems that are difficult to study using experimental methods. These techniques can isolate the effects of individual system parameters, allow for more detailed or widespread measurements, are not subject to intersubject variations, and reveal phenomena that cannot be captured by physical means. In addition, because multiple studies can be performed simultaneously and run times are limited only by computational resources rather than rates of biological processes, numerical simulations can not only be more precise, but frequently are also more economical. The parametric study undertaken in this work systematically examines and quantifies the tibial bone strengthening effectiveness of exercises defined by various net isometric resultant forces generated with the leg arranged using three different sets of hip, knee, and ankle joint angles.
Alterations to the structural strength of the whole bone, not fluctuations in the material strength of the biological tissue from which it is comprised, are the focus of the study. Rather than using indirect measures of bone strength, such as density and geometry, that are commonly used to assess exercise-based bone strengthening effectiveness, this study used the engineering-based measures, such as the stresses and strains induced under a specified set of boundary conditions, with which failure analyses of inert mechanical components are typically conducted. Individual muscle forces, the stresses that they induce on the bones of the whole leg, the subsequent cortical accretion and resorption over the shaft region of the tibia bone, and the resulting alterations to local stress distributions and magnitudes are predicted. Through this detailed computational study, a better understanding of the relationships between these system parameters and changes in muscle forces and bone strength is achieved and suggestions of combinations of isometric exercise features that are most likely to improve the resistance of the tibial bone to functional loading conditions are made. This information can aid in the design of mechanically based bone loss mitigation regimens that are targeted at specific regions of bone.
Theory, model function, and prior validation
The modeling techniques used to predict the individual muscle force magnitudes and cortical tissue surface accretion or resorption are based on numerical optimization methods coupled with finite element methods. 20 Numerical gradient-based optimization methods are used to find a set of muscle force magnitudes that minimize the total stresses within the muscles while producing the desired net resultant force. 21 Numerical gradientless shape optimization methods are used to simulate the bone shape adaption with a goal to reduce local and global stress state variations under the specified exercise condition studied. 19 Both optimization methods are implemented though user-defined subroutines within the commercial finite element code ANSYS. 30 While the development, validation, and coupling of these methods have been previously described in detail, 19, 20, 31 the focus of the current study is the application of these methods to compare the effects of various boundary conditions on the changes in shape, strength, and stress state variation in one bone of a multi-segment musculoskeletal system.
Muscle force magnitude optimization
With more muscles available in the leg system studied than are necessary to produce any of the result isometric forces evaluated, an exact solution cannot be found by using a set of conservation of momentum equations; thus, optimization methods are employed. With a relatively small set of design points (potentially active muscle force magnitudes) and with the availability of well-established analytical relationships between these muscle force magnitudes and system performance measures that can be used as optimization goals, mathematically rigorous gradientbased optimization methods have been successfully employed and are commonly used. The sum of the squares of the muscle stresses was used as the optimization goal in this work (Equation (1)), based on a previously developed optimization model. 22 It has been shown that optimization goals with nonlinear terms result in better predictions of synergistic and antagonistic muscle activity, [32] [33] [34] [35] [36] with relative indifference to higher order terms, 22, 35 and improved correlation to experimental measurements has been found for weighted sums, 33, 37, 38 with accessible weighting parameters, such as the muscle physiological cross-sectional area (PCSA), being preferable. [38] [39] [40] Specifically, the sum of the squares of the muscle stresses is believed to best predict experimentally measured trends in muscle activity under static conditions, such as isometric exercises. 41, 42 As with other models that have used this optimization goal, 22 constraints are added (Equation (2)) in the model used in this work 19 to ensure that only non-negative muscle force magnitudes are predicted (Equation (3a)) and that angular momentum conservation is satisfied (Equation (3b)).
Constrained by g(F) 4 0 ð2aÞ
The gradient projection numerical optimization scheme was used in this muscle force optimization model. The search direction is the projection of the gradient of the optimization goal (gradient of Equation (1)) onto the surface of the feasible solution space, providing sufficient conditions for any point along the search direction to be an optimum. This converts the inequality problem to an equality one, which considers only the constraints at each iteration that are ''exactly satisfied,'' that is, equal to zero. The optimum is found when the gradient, evaluated at a feasible solution, is equal to zero, satisfying the necessary, Kuhn-Tucker, conditions. Because of the linear constraints, the step size along the search direction from one possible feasible solution to the next follows Rosen's method. 43 Because the selected optimization goal is convex, global optima are found using this method. Modifications to the basic solution procedure were added in the code used in this work to improve numerical stability by adding tolerance bands in the selection of ''exactly satisfied'' constraints and employing QR factorization to ease susceptibility to ill-conditioning and roundoff error. Code was written using MATLAB software 44 to take advantage of its extensive linear algebra function libraries. A C-shell was written around the MATLAB code to form an independent executable that could be called directly from the Fortran subroutine in the user-customized version of ANSYS during the implementation of the finite element-based bone shape adaptation procedures.
Validation
Prior to its application in this study, the code used in this work has been successfully applied 21 to match predicted muscle force magnitudes of an independently published numerical optimization model 39 within 1%, and model predictions have followed experimentally measured trends in muscle electromyogram (EMG) activity for comparable isometric exercises. 29 The code has also been used to examine variations in muscle force magnitudes for various isometric exercises 45 to predict comparable muscle force magnitudes to those that have been calculated from experimental measurements for the same net isometric resultant forces generated with the same set of joint angles. 46 
Bone shape optimization
Most computational models that are designed to simulate the adaptive changes to the shapes of long bones under mechanical loads are similar to the numerical shape optimization methods that have been developed in the design of inert mechanical components. Using gradientless optimization methods through mathematical formulations similar to those of a feedback control system, the locations of discrete surface points are independently and iteratively moved in proportion to the difference between the value of a measure of the local stress state at each point and that of a reference (also called goal, desired, or threshold) stress state (Equation (4)). By altering the shape of the object in this manner, the stresses at all surface locations proceed toward the selected reference stress state, giving the shape optimization model an implied goal of improved stress state uniformity without the rigorous ''necessary and sufficient'' optimality conditions needed for the gradient-based method, such as those used to determine the muscle force magnitudes described in Section 2.1. When implemented within finite element, finite difference, and boundary element problems, these types of gradientless optimization methods are often preferred over the gradient-based methods because they eliminate the need to find the sensitivities of the optimization goal at each discrete point or node as, when used within commercial codes, the data needed to calculate these sensitivities is often not readily accessible. 47 In implementing this type of easily executed but mathematically lax gradientless optimization method to compare a wide range of boundary conditions over a large number of discrete surface points (nodes or design variables), difficulties frequently arise in selecting the proportionality constant and the reference value. In many bone adaptation models, these parameters are based on experimental observations. 16, 17, 48, 49 In many structural shape optimization procedures, the parameters relate to specific design criteria 47, 50 or are selected to control numerical stability. 51 However, these experimentally based or problem-specific means of defining the parameters driving the model limit its use to the conditions under which the parameters are selected. While general trends in shape alterations under defined boundary conditions are independent of the parameters used, the specific local amounts of material accretion or resorption predicted by each gradientless optimization-based shape adaptation model are parameterspecific. 18 Therefore, a single set of parameters selected for a particular problem may not result in improvements in stress uniformity across the various conditions and systems studied. 31 To address these limitations so that a single model formulation could be used to directly and quantitatively compare the shape adaptation of a system to various sets of boundary conditions, a more universally applicable model was previously developed and validated by the author 19, 20 and is applied in this work. The dependence on the selection of system-or condition-specific parameters that has prevented the use of many bone strength adaptation/shape optimization models in comparative or parametric studies is eliminated through the formulation of the optimization goal, which is based on the concept of statistical standardization of a dataset (Equation (5)). In the developed formulation of the basic gradientless optimization scheme of Equation (4), the amount of nodal growth per iteration becomes proportional to the ratio between the local stress state variation and the global stress state variation. The surface-averaged reference value toward which the local stress state measures are directed in this algorithm better reflects the current system conditions than does the arbitrary selection of a single target reference value. Normalizing the amount of growth by the standard deviation of the stress state measure over the surface examined removes the model dependence on local stress state magnitudes, driving local growth by relative stress state variations instead. The function of the proportionality constant (a in Equation (4)) is then reduced to simply preventing extreme mesh distortion per shape optimization iteration. The measure of the local stress state used in calculating the surface average and standard deviation values are weighted by the area of the face of each element on the surface being optimized. This controls the weighting that would have been given to areas with a large concentration of nodes, such as near boundary conditions or where large gradients were anticipated, which would have artificially skewed an arithmetic average or standard deviation.
Because gradientless optimization methods are employed to predict bone shape changes, a unique or optimal solution is not mathematically assured. 52, 53 However, based on the general format of the iterative progression of the stress state at each discrete surface location toward a reference value (Equation (4)), these optimization methods typically result in the design of improved stress state uniformity and, therefore, strength. 54 This may be more representative of biological systems, as the particular value of the ''goal'' may change based on environmental conditions, but the overarching phenomena of functional adaptations to environmental changes that is common to most physiological mechanisms 55 remains. The amount of improved strength required to meet the bone (or object) performance requirements is not clearly defined or controlled by the model formulation in Equation (5) alone. Therefore, the bone shape adaptation simulation method used in the current work incorporates a consistent means of stopping the optimization through the definition of a ''sufficient'' amount of improvement in the measure of stress state uniformity. Specifically, a 50% reduction in the value of a measure of surface stress state variation over that of the initial geometry is used in this work. Boundary conditions that are directly applied to the design region of the bone's surface and the large number of design variables (discrete surface locations or nodes) that comprise this region of growth or decay can cause a wide range of nodal stress state values that may never approach a common value. As a result, the use of singular nodal extrema may provide a false representation of the variation of the stress state that actually occurs over the majority of the surface being optimized. To address this difficulty, an effective maximum and effective minimum value are used to define the stopping criterion for the model used in this work. These ''effective extrema'' average the upper 25th percentile and the lower 25th percentile of nodal values, respectively, reducing the influence of singular nodal values or small regions of very high or low magnitudes of the measure of the stress state used. Specifically, the stopping criterion measure is the difference between the effective maximum and effective minimum measure of the local stress state, giving a quantitative measure of the variation over the entire surface being optimized. 19 The simulation ends when both inner and outer cortical surfaces meet either the stopping criterion or one of a number of size limits related to bone diameter and cortical thickness. While any measure of stress state could be employed to drive the shape optimization, strain energy density (SED) is used in this work because it is a scalar value that accounts for all tensor components and because it relates the energy imparted to the bone by the applied forces to the energy used by the bone cells in the biological adaptation phenomena. 56 
Validation
Validation evidence for the bone adaptation/shape optimization method used in this study in has been previously published. 19, 20 Starting from an initially uniform circular cylinder, the developed optimization model was used to predict the shape of a uniform strength beam with 5% of the analytical solution. 19 Similarly, it predicted the shape of a hole of uniform stress at the center of an infinite plate to within 2% of the analytical solution. 19 Specific to bone shape adaptation, this developed method has previously predicted similar shape modifications to those experimentally observed in the adaptation to bending-based loads in two independent an animal studies 19 and has matched previously published predictions made by different computational bone shape adaptation models that have used other numerical models means to simulate the adaptation process. 
Implementation
A detailed description of the coupling of these two optimization methods to each other and to the commercial finite element code has been previously described 20 and will be summarized (Appendix A). Functioning within the commercial finite element code ANSYS, the muscle force optimization and bone shape adaptation modeling methods described above were implemented through user-defined Fortran subroutines and a script file. The three-dimensional geometry of the leg bone system was created using the computer-aided design (CAD) software Pro/Engineer 57 and manually meshed in ANSYS before the execution of the analysis. The same meshed geometry was used for all conditions studied in this work with the bone segments transformed appropriately for each leg configuration studied. The muscle force vector directions were the only variables in the script file that were altered based on the condition examined. The user-defined subroutines created a customized version of the ANSYS code that determined the muscle force magnitudes though a MATLAB-based executable, applied them to the finite element leg bone model, calculated nodal stresses and strains, and simulated the shape adaptation through moving surface nodes and adjusting the mesh to ensure its accuracy in the calculation of the nodal SED used to drive the model. The script file was used to control the iterative execution of the coupled muscle force calculations, finite element analysis, and shape optimization calculations, to compare model results against the stopping criterion and size limits, and to produce output files. The control of the repeated generation of a single resultant force or the sequential series of varying resultant forces was also maintained through the use of the script.
Mesh adjustment was performed both in the interior volume of the bone and on the bone's surfaces to prevent extreme mesh distortion, and methods have been developed and implemented specifically for the shape optimization model used in this work. 19, 20 Interior adjustments were made based on a spring smoothing method 58 and maintained the original radial spacing ratios of nodes with common local axial and angular cylindrical coordinates throughout the shape adaptation simulation. Because surface nodes were moved independently, additional smoothing methods were employed, based on SED gradient methods, 59 to reduce extreme differences in the local radial coordinates of neighboring nodes that may be calculated from Equation (5) at each shape adaptation iteration.
This previously developed and validated muscle forcebased 21, 45 bone shape adaptation modeling method 19 and its implementation using a customized commercial finite element code 20 were applied in the current study to predict the adaptations to various isometric tibial strengthening exercises. With common modeling parameters, stopping criterion, and output data types and frequency, direct comparisons could be made among the net resultant force conditions and joint angle sets studied.
System studied
The optimization techniques described were applied in this work to examine the effects of muscle force-induced stress state distributions within the cortical diaphyseal (shaft) Florioregion of a long bone on the surface-based material accretion or resorption, the resulting changes in local stress state, and, therefore, the ability of the whole bone structure to resist the loads induced by generation of the net isometric force. The goal of the optimization was an improved stress state uniformity, as this has often been used as an indicator of improved strength in many previously published numerical models of cortical bone adaptation and in the structural optimization of inert mechanical components. [60] [61] [62] [63] [64] [65] [66] Strength changes in this diaphyseal region of the tibia bone were the focus of this work, as disuse-based losses in bone strength have been shown to increase with greater distal location, [67] [68] [69] [70] making exercise programs to enhance the strength of this bone particularly beneficial. Based on the observation that the changes to a bone's shape may constitute more significant and stable improvements to its overall structural integrity than alterations in the strength of the material from which it is comprised, 3 ,5 adaptation of bone density was not considered in this work. All material properties were assumed to be constant with time and uniform throughout the bone volumes.
Under 11 sets of the repeated generation of a single resultant force or a sequential series of forces, the required individual muscle forces were applied to a system of leg bones, and the cortical bone accretion and resorption on both the periosteal (outer) and endosteal (inner) tibial bone surfaces simulated with the leg in three unique sets of joint angles. As different phenomena are involved in changing the very porous cancellous bone structure and density than in changing the nearly solid cortical bone region, no shape modifications were simulated at the interfaces where cortical and cancellous bone tissue shared a common boundary. Stress state uniformity, nodal stress values, and optimized tibial bone geometries were compared for each resultant force condition studied with the leg in each specified configuration examined. Trends in shape and strength adaptations relating to resultant force vector direction, hip, knee and ankle joint angles, and their combinations were then identified.
Musculoskeletal system model
This work examined a simplified three-dimensional representation of the human leg of an average sized adult male of height 1.77 m and mass of 66.5 kg. The system representation 20 consisted of four bone segments, the pelvis, femur, tibia, and foot, whose geometries were based on published, physical measurements. 71, 72 The muscles were not included as structural elements of the model but were represented by forces that acted over small areas on the bone surfaces at their locations of muscle attachment. 71, 72 The area of muscle attachment, a 9 mm diameter circle, was selected as the average of the cross-sectional area of a leg muscle tendons, as reported in the literature, and the force applied was distributed so that the greatest magnitude was at the central nodes, transitioning linearly to zero at the region boundary. 21 The muscle PCSAs used in the muscle force optimization goal were selected as an average of those reported in nine published studies for each of the included muscles. 31 Muscle forces were assumed to act along straight lines connecting their attachment points, except where they would wrap over a joint, such as the knee. In these cases, they followed the bone surface around the bent joint. Both cortical and cancellous bone tissue were represented in the structural model, with cortical bone material filling the end 12% of the length of femur and tibia, in the interior regions of the pelvis, and in the forefoot region of the foot. The diaphyseal regions of the femur and tibia were modeled as initially circular hollow cylinders, the foot was modeled as a single, cancellousfilled volume, and the pelvis was represented by the projection of the outline of an actual pelvis 72 onto the sagittal midplane. This projection was used since no axial rotation was considered and out-of-plane forces were assumed to be small for the isometric exercises studied.
All bone tissue was represented by homogeneous continua, and no plastic deformation was considered, as stresses remained in the elastic regime. Cortical bone tissue was modeled as a transversely isotropic material in the femur and tibia bones with properties taken from published experimental measurements and the axial direction having differing properties. 73 Specifically, the transverse moduli of elasticity were 9.55 GPa and the axial elastic modulus was 16.61 GPa. The transverse shear modulus was 3.28 GPa and the axial shear moduli were 4.74 GPa. A Poisson's ratio of 0.37 was used in all directions. With no clear differentiating direction in the pelvis and foot, the cortical bone tissue of these regions was assumed to be a fully isotropic material, and the material properties in these regions were based on other published measurements of similar cortical bone regions, with an elastic modulus of 16.35 GPa and a Poisson's ratio of 0.34. 74 Cancellous bone tissue, located at the ends of the femur and tibia bones and filling the cortical shell of the forefoot and pelvis, was given fully isotropic material properties, with an elastic modulus of 11 GPa and a Poisson's ratio of 0.3. 21, 75 The initial outer and inner diameters of both the femur and tibia were 30 and 15 mm, respectively. 76 Size limits for the shape adaptation model were based on a maximum reported measured outer diameter of the tibia bone of 35.5 mm, 77 a maximum reported measured tibial cortical thickness of 12.5 mm, 78, 79 and a minimum cortical thickness of 2 mm, as has been measured in the paralyzed. 80 Since only isometric exercises were studied, no joint rotation occurs during the conditions examined, allowing the modeled joint geometries and material properties to be simplified. To represent the contribution of the articular surfaces in the transmission of the forces between bone segments through the joints, a built-in augmented Lagrange contact model from the commercial finite element software ANSYS was used that did not allow separation or sliding between surfaces at the fixed joints but provided a relative compliance of 10% of the cortical bone stiffness, roughly representing that of the joint cartilage. 21 The finite element model of the bone system used in this work had a minimum element size of 1 mm, an order of magnitude greater than the characteristic size of a bone osteon, to ensure the continuum assumptions remain valid. 75 The model contained 184,067 elements and 242,066 nodes, with eight-node hexahedral elements in the cylindrical regions of the femur and tibia, 20-node tetrahedral elements elsewhere and pyramidal elements transitioning between the two regions ( Figure 1 ). The eight-node hexahedral elements were used to maintain a regular mesh in the region of the shape optimization and to allow the customized code to control the locations of all adapting nodes.
With the major function of a human leg in the flexion and extension of the hip, knee, and ankle joints, the 10 major leg muscles that control this motion (Table 1) were included in this work. These muscles were chosen because they have the ability to impart large stresses on the leg bones, resulting in potentially significant adaptation. In addition, with this leg flexion and extension action vital to walking, bone adaptation to strengthening of this leg muscle function is likely to improve resistance to potential fractures that might occur due to ambulatory activities in otherwise weakened bone material. The selected muscles typically induce little torsional rotation about the axis of the leg. Therefore, while three-dimensional bone geometries were used to represent the system, out-plane effects were neglected by restricting the muscle force vectors to the sagittal plane. 81, 82 The three leg configurations examined in this work (Figures 1(a) -(c)) were created through rotational and translational transformations of the meshed femur, tibia, and foot volumes from the straight leg configuration. Following White et al., 71 local coordinate systems were placed on each bone segment as follows: the right anterior superior iliac spine (ASIS) for the pelvis, the greater trochanter for the femur, the tibial tuberosity for the tibia, and the calcaneus for the foot, with the pelvis coordinate system used as the global coordinate system (Figure 1) . The transformations introduced no extraneous spin and maintained the same right handedness 83 so that the Cartesian x-direction always pointed anteriorly (to the front of the body) and the y-direction always pointed proximally (toward the center of the body) along the bone length. 31 
Conditions studied
The basic exercise examined in this work was that of a 100 N net resultant force generated by the leg at the toe against a fixed surface. This net isometric resultant force was directed either anteriorly, inferiorly, posteriorly, or superiorly ( Figure 1 ) as a single repeated load or as part of a repeated sequence of multiple loads, either in pairs of these four basic directions or in a clockwise-stepped pattern of all four directions, for a total of 11 unique loading conditions. These repeated single net resultant force vectors or patterns of multiple sequentially generated forces were produced by the studied musculoskeletal system arranged into three different bent leg configurations (Figure 1 ) for a total of 33 conditions examined in this work. The first set of joint angles represented a straight leg configuration with the hip, knee, and angle joints all in their neutral positions. (Figure 1(a) ) The two bent leg configurations were based on two sets of prescribed hip, knee, and ankle joint angles and are referred to in this work by the angle that the tibia bone makes with the global y-axis (Figure 1 ). In the 45°c onfiguration (Figure 1(b) ), the hip was flexed by 45°and the knee by 90°from their neutral (straight leg) positions, with the ankle at its neutral position (where the foot is at a 90°angle with the tibia bone). In the 90°configuration (Figure 1(c) ), the hip and ankle were in their neutral positions while the knee was flexed by 90°. In all cases, the pelvis remained aligned with the main body axis, allowing it to be the basis of the global, fixed coordinate system.
Because the shape optimization method used in this study does not simulate actual time passed but, instead, represents the effects of sufficient exercise performed so that the induced adaptations result in a specified improvement in bone stress state uniformity, preliminary studies were conducted to examine the effects of the magnitude of the prescribed net resultant force and, for multi-load cases, the order of the generated net resultant force (Appendix B). With evidence of independence of the model predictions for the specific load magnitude used and the order of generated resultant forces, the bone shape and strength changes were compared for all 33 sets of joint angles, resultant force directions, and sequences using the same multi-joint musculoskeletal leg model, mesh, initial tibial geometry, and resultant force magnitude. All simulations were performed through a user-developed customized version of ANSYS 12.1 on either a 64-bit LINUX Redhat v5.3 machine with dual quad core 2.4 GHz processors and 12 GB RAM or a 64-bit Windows 7 machine with dual quad core 2.7 GHz processors and 16 GB RAM. Run times ranged from one to nine days. Local, regional, and global changes in tibia bone geometry and stress state were tracked over both endosteal (inner) and periosteal surfaces (outer) throughout the adaptation/optimization simulations.
Results
Comparisons among the cases studied reveal the relationships between individual muscle forces, the stresses they induce in a multi-segment musculoskeletal system, the resulting change in bone shape due to endosteal and periosteal resorption and accretion, and the effects these changes may have on bone strength. Further, these comparisons can provide insight into the regional strength changes that result from particular combinations of joint angles and resultant force directions of the single-load or sequentially applied isometric exercises examined.
Muscle forces, stress distributions, and adaptive shape changes
Eight of the 10 muscles included in this model imposed direct forces on the tibia. The remaining two muscles imposed indirect forces on the tibia by the transmission through the contacting surfaces of the multi-bone system or by the induction of bending moments on the tibia bone ( Figure 2) . Therefore, all individual muscles influenced the stresses in the targeted tibia bone of interest in this study ( Figure 3 ). Table 2 shows the individual muscle force magnitudes calculated for each case studied. The relative force intensity of each active muscle to the maximum individual muscle force in each particular case is also presented, providing insight into the dominant active muscles and the degree of load sharing among active muscles. Because the variations in the local stress state over the bone surfaces drove the adaptive bone shape changes in the optimization model used in this work, an examination of the stress distributions induced in the bones of the leg system studied due to the generated muscle forces and the adaptive responses to these changes aids in the understanding of the relationships between net resultant isometric force direction, the hip, knee, and ankle joint angles, and predicted tibial strength alterations. While the changes to both the endosteal (inner) and periosteal (outer) cortical surfaces of the diaphyseal tibia Figure 2 . Active muscles, bone deflections, and stresses for the isometric exercise cases considered. Note: bone deflection is scaled for improved visualization.
were modeled, 31 only the changes to the periosteal (outer) surface are presented here. With no material heterogeneity, cracks, or flaws included in the model used, this outer surface, typically the location of the largest stresses, is the most likely site of initial structural failure. It should be noted, however, that because alterations of the endosteal surface affect the cross-sectional area magnitudes and variations along the bone length and the resulting total bone volume, the influence of the endosteal adaption is not negligible. It is indirectly noted through the stress measures evaluated, even on the periosteal (outer) surface. While three-dimensional bone geometries were used in this study, because all forces acted only in the sagittal plane, adaptations in this plane are the focus of this analysis. In general, cortical thickening occurred to strengthen the tibia shaft in regions where high stresses were noted under each loading condition studied, while cortical thinning occurred in regions of low stress, where reduced strength under the particular exercise load was acceptable. Significant growth occurred in the attachment regions of dominant active muscles. Slight decay was often seen in the immediate surroundings as the stresses transitioned from the local effects of direct force application to more global effects of the bending and deflection. Together, the shape changes resulted in lower stresses in regions of originally high stress and higher stresses in regions of originally low stress. Thus, under the conditions to which the bone shape were adapted, the overall stress state uniformity of the tibia bone improved in all cases considered, increasing, to varying degrees, the resistance of the new bone ''design'' to that particular set of loading conditions, and thereby improving its strength under the loads to which it was subjected.
Combined effects of joint angles and resultant force directions
Similar tibial stress distributions among the exercises studied induced similar growth patterns. For example, in the straight leg configuration, nearly identical initial stress variations (not magnitudes) occurred for the anteriorly directed and superiorly directed resultant forces and for the posteriorly directed and inferiorly directed resultant forces. Likewise, quite similar stress patterns and resulting shape changes occurred for the anteriorly directed and inferiorly directed resultants in both the 45°and 90°c onfigurations. These similarities could not be predicted by similarities in the muscle activity and intensity. The different hip and knee joint angles altered the directions of the muscle force vectors, creating different reaction forces at the constrained surfaces of the multi-segment system studied (Figure 2) , and resulting in different stress and displacement distributions in the tibia bone (Figure 3) , which then caused different shape adaptations. The effects of the changes to the constrained surface reaction forces were especially relevant in the study of tibial strength adaptations because of the proximity of the tibia bone to the constrained toe surface. In addition, because a multi-bone system, rather than just the tibia bone, was included in the model used in this work, local effects were transferred to neighboring bone segments, allowing the whole system to react to the different applied muscle forces and resulting reaction forces caused by the various sets of hip and knee joint angles and isometric forces studied.
While knee extensor dominance generated the anteriorly directed resultant force in all three sets of joint angles studied (Table 2, Figure 2 ), different relative orientations of the muscle force vectors, bone axes, and constrained surfaces altered the mechanical response of the whole leg system to this nearly singular large muscle force, causing different bone deflection patterns, stress distributions (Figure 3) , and shape adaptations. In both the 45°and 90°configurations, dominant knee extensor muscles that attached to the tibia just below the knee wrapped around the bent knee joint, pulling the foot clockwise against the constrained toe. With the fixed superior portion of the pelvis, this moment about the constrained toe pulled the unconstrained knee anteriorly, causing posteriorly directed deflection in the femur and anteriorly directed deflection in the tibia. This pattern of deflection with the bent leg configurations resulted in large stresses in the distal part of the tibia where it was resisted, through the foot geometry, by the constrained toe. The tibia bone shape adapted to these stresses by thickening the more constrained distal region of the bone to reduce the system deflection and, therefore, the local stresses. This resulted in an optimized shape similar to that of a uniform stress cantilever beam (Figure 4 ). In the straight leg, constrained at the toe and superior surface of the pelvis, the dominant knee extensor muscle force to create the anteriorly directed (and superiorly directed) resultant force at the toe acted nearly parallel to the common axis of both the tibia and femur bones, leading to greater displacement of the ''hinge,'' the unconstrained knee joint, within the ''column'' of these two bone ''segments'' than what occurred in the bent leg configurations, where the femur and tibia were not aligned ( Figure 5 ). The ensuing large local force on the tibia bone near the knee joint caused large local stresses in the proximal region. As a result, a local thickening adaptation occurred and, consequently, reduced the local stresses. Thus, simply by altering the hip and knee joint angles while generating the same net resultant force with the leg system, the region of adaptive thickening can be moved from the proximal to the distal region of the tibia bone, even with the same dominant active muscle.
Similarly, the posteriorly directed resultant force exercise in the two bent leg configurations studied had comparable muscle activities (Table 2) , with the GM, hip extensor, muscle being most dominant and significant contributions from the hip extensor LHBF, and ankle extensor GAST and SOL muscles. However, differences in the orientation of the bones within the system resulted in Figure 4 . Similarities in the initial stress distributions under the anteriorly directed and inferiorly directed resultant forces for the two bent leg configurations resulted in growth patterns and an optimized geometry that resembles a uniform stress beam. distinct adaptive effects. In the 45°configuration (Figure  2 ), the knee was pulled posteriorly by the set of mainly posteriorly attached active muscles, creating a counterclockwise rotational moment on the foot about the fixed toe and causing a posteriorly directed tibial bending. With the largest stresses located proximally near the knee (Figure 3) , corresponding to the region of greatest deflection and smallest stresses distally close to the constrained foot, the bone adapted with proximal thickening and distal thinning, successfully reducing the tibial stress variations ( Figure 6 ). In contrast, with the GM and LHBF muscle force vectors nearly parallel to the global y-direction and the SOL and GAST nearly parallel to the global x-direction in the 90°configuration (Figure 2) , the same set of active muscles induced an opposite-directed clockwise moment about the fixed toe surface when only the knee was flexed. The contraction of the SOL muscle against the heel caused distal anteriorly directed bowing, and the direct pull of the LHBF muscle toward the pelvis produced proximal posteriorly directed displacement. This resulted in two opposing regional deflections along the length of the tibia bone (Figure 3 ). This significant s-like deflection pattern resulted in distal posterior thickening and anterior thinning and opposing proximal adaptations, reducing the amount of deflection created in both regions and, therefore, reducing the overall stress variations in the tibia bone ( Figure 6 ).
In the straight leg configuration, the SOL muscle was not active in the generation of the posteriorly directed resultant ( Table 2 ). The direct effects of the knee flexor GAST and LHBF muscles caused a slight clockwise rotational moment of the foot about the fixed toe surface, pushing the unconstrained knee anteriorly (Figure 2 ). In this straight leg configuration, the antagonistic activity of the ankle flexor TA muscle was required to counter the two-joint GAST muscle-induced ankle extension (Table  2 ). However, the activity of this anteriorly attached muscle further contributed to the anteriorly directed cantileverlike deflection of the tibia bone, resulting in large anterior and small posterior stresses along the length of the bone (Figure 3) . Adapted for stress uniformity in the straight leg configuration under the posteriorly directed resultant force conditions, the small posterior stresses induced posterior cortical thinning and increased the anteriorly directed deflection of the bone. This further increased the stresses on the anterior side of the bone, which responded by significant thickening of the anterior side of the bone. Thus, for the posteriorly directed resultant force, the growth patterns in the straight leg configuration were opposite to those produced by the same net resultant force and similar active muscles in bent leg configurations ( Figure 6 ).
The superiorly directed resultant force produced the most unique sets of active muscles, stresses, and growth patterns among the leg configurations studied. Only for the superiorly directed resultant force did the differences in muscle activity have a greater influence on unique tibial adaptations than did the joint angles studied. In the straight leg configuration, the active muscle set was dominated by anteriorly attached muscles (Table 2) as the constrained toe surface was located anterior to the leg axis and the constrained pelvis and the muscles force vectors aligned with the superior direction (Figure 2 ). Linking the resulting posteriorly directed femur and knee deflection with the fixed toe as the anterior surface of the tibia is pulled anteriorly concentrated the tibial thickening to the highly flexed and highly stressed proximal region for the straight leg ( Figure  5 ). Although the superiorly directed resultant was generated by posteriorly attached muscles in the 90°bent leg configuration (Table 2) , it also resulted in posteriorly directed displacement of the knee and proximal tibia due to the posteriorly directed femoral deflection (Figure 2) . However, the rest of the tibia also deflected posteriorly under the active muscle contractions (Figure 3 ). While the opposing active muscle attachment locations of the 90°c onfiguration flexed the tibia in the opposite direction than what occurred in the straight leg configuration, the two deflection patterns were nearly symmetric mirror images, resulting in common stress distribution and growth patterns. In contrast, because of the hip and knee flexion in the 45°configuration and the orientation of the muscle force vectors with respect to the constrained surfaces in the superiorly directed net resultant force condition, significant activity was required of both posteriorly attached and anteriorly attached muscles to create a superiorly directed resultant (Table 2, Figure 2 ). This caused more complex local deflections and stress distributions (Figure 3 ). The anteriorly directed distal bowing of the tibia bone due to anteriorly directed displacement of the knee joint and overall system deflection against constrained surfaces joined the local posteriorly directed proximal bowing from the direct pull of the LHBF at a low-stress region at the transition between these two deflection directions. This caused a significantly thinned region between regional distal and proximal thickening on the posterior side of the bone ( Figure 5 ). The effects of both directly attached muscles and the indirect influences of muscles not directly acting on the tibia affected the local variations in the ''optimized'' bone's shape for each of the four resultant forces studied. This is particularly seen with the straight leg configuration. The common active muscles and similar muscle force distributions for the anteriorly directed and superiorly directed resultant forces in the straight leg configuration lead to similar bone stress distributions, although scaled in magnitude in the initially uniform geometry (Figure 3) . Nearly identical stress distributions and shape changes were noted on the posterior side of the bone, which had no active muscles in these cases. On the anterior side of the bone, the differences in relative magnitude of the TA muscle force, from 4% of the VAST/RF to nearly 40% of this maximum muscle force magnitude (Table 2) , caused the only significant differences in the ''optimized'' bone shapes between the two cases, isolated to a local region surrounding the TA muscle attachment location. This is despite a 3.5-fold difference in the actual magnitude of the maximum individual muscle force generated. When differences in the relative magnitudes of the individual muscle forces and influences of muscles not directly attached to the tibia become more pronounced, as between the posteriorly directed and inferiorly directed resultant forces with the straight leg (Figure 3 ), greater differences in the resulting stress magnitudes and amounts of local growth result, despite similar qualitative ''trends.'' This type of study of the relationships between the magnitude of the muscle forces due to the relative orientations of the joint angles and the resulting stress distributions reveal characteristics of the adaptations to the repeated generation of a single net isometric resultant force that can be used to understand the shape optimizations that result from a sequential generation of various combinations of these isometric resultant forces.
Effect of multi-load cases and single-load case dominance
For all sets of joint angles, single direction exercises resulted in more uniform SED distribution along any axial line on the bone surface than any of the sequential series of resultant forces ( Figure 7 ). These multi-load cases had more moderate influences on the tibial shape changes than did the single-load cases described in Section 4.2. This is because these multi-load cases result in structural adaptations that must improve stress state uniformity for a number of boundary conditions, rather than a single, repeated set.
Geometric features that developed as a result of the stresses generated in each single-load segment of the multi-load cases can be found in geometries optimized under the sequential series of resultant force directions, as indicated by the matching number labels in Figure 8 . Sequentially applied pairs of individual cases that resulted in similar geometers maintain these geometric features, such as the S-A case in Figure 8 . Pairs of individual cases with opposing features, however, tended to reduce the predominance of these attributes, such as in the proximal region of the tibia bone of the P-S case in Figure 8 . Despite the amplification or damping of single-case effects, the careful examination of the four load direction case (A-I-P-S) in Figure 8 reveals distinguishing features from all four single-load cases.
The effects of the individual single-load components of a sequential multi-load regimen do not appear to have equal influence on the optimized geometry. For example, an increase in the local radial dimension of a surface node despite the predicted decay under one segment of a two loading direction multi-load case indicates a stronger growth drive due to the second segment. Thus, local dominance of this second resultant force direction exercise on the region's growth and strength adaptations is inferred. This is especially noted in the straight leg configurations (Figure 8) , with many of the muscle force vectors nearly aligned with the global coordinate system (Figure 3) . Anteriorly directed and posteriorly directed resultant forces were found to dominate the resulting optimized bone geometry over superior-directed or inferiorly directed ones. Further, among the two dominant resultant forces, the posteriorly directed resultant, with its more complex stress distributions, had a greater influence on the resulting shape and strength adaptations than the anteriorly directed resultant.
However, the advantages of the exercises with sequentially applied patterns of net resultant force directions, the multi-load cases, are notable, especially when the paired resultant force directions act to strengthen different bone regions. For example, in the 90°configuration, the singleload superiorly directed and posteriorly directed resultant forces and their multi-load sequential combination were a cause of distal decay ( Figure 9 ). While this ''weakening'' of the tibial bone region near the ankle may suit these particular loading conditions that cause relatively low stresses in this area, the thickening that occurs when these singleload resultant force exercises were combined in series with the generation of an anteriorly directed or inferiorly directed net resultant force produced a less specialized geometry. This more generalized, yet stronger bone, would likely benefit from the tibia's resistance to other loading conditions not studied but potentially encountered.
The analysis of the trends in local stress and shape changes allows one to focus on strength changes in regions of interest, for example, those prone to fracture. This is particularly useful in examining the effects of the exercises on desired or targeted adaptation. In contrast, the global measures of stress state variation, such as those used in the stopping threshold defined in Section 2.2, may give a better representation of the effects that the adaptations to the studied loading conditions have on the overall stress state of the tibia bone of interest.
Changes in global measures of stress state
Surface stress uniformity was improved, to varying degrees, for all conditions studied, despite locally large amounts of growth or decay. In both of the bent leg configurations examined in this study, the similar adaptations to the anteriorly directed and inferiorly directed resultant forces and their sequential application best met the uniform surface stress optimization criterion and most greatly improved the overall strength of the tibia bone. A measure of stress state that can predict overall strength improvement would be beneficial both to understanding the likelihood of meeting the optimization goal and the response of the bone shape to its mechanical environment. Exercises that induced both relatively high and relatively low averages and ranges of nodal SED met the defined stopping criterion of a 50% improvement in stress state uniformity over that of the initial uniform circular hollow cylinder. Thus, neither the initial magnitudes of the surface-averaged SED nor the initial standard deviation of these nodal values correlated with the particular relative improvement in stress state uniformity for the studied cases. Not even the difference in the effective maximum and minimum surface nodal SED was found to correlate with attainment of the stopping threshold. However, unlike the absolute magnitudes of global measures of stress state or their relative differences, the ratio of the standard deviation of the nodal SED to the average of the nodal SED over the optimizing surface (standard deviation to average ratio) did provide an indication of the effectiveness of the studied exercises on improving tibial stress state uniformity. Table 3 presents comparisons of this ratio for the initial and optimized geometry for all cases studied and some highlights are mentioned.
Although the anteriorly directed and inferiorly directed net resultant forces with the 45°configuration caused significantly larger absolute magnitudes of stresses than did the posteriorly directed and superiorly directed net resultant forces with this same set of joint angles, their standard deviation to average ratios were actually smaller. As the anteriorly directed and interiorly directed resultant forces were found to best meet the optimization goal, this may be an indication that the ''optimized geometry'' for these loads was more similar to the starting, initially uniform, geometry than that of the other cases that achieved lower degrees of improvement toward the optimization goal. With this optimization procedure beginning at conditions already close to the design (optimization) goal of a uniform surface stress state, the shape changes required to meet the goal could be achieved within the chosen size limits for these cases.
In contrast, the initial standard deviation to average ratio was especially large in most of the straight leg configurations, with the initial standard deviation of the elemental SED over the outer surface four to seven times greater than the initial average elemental SED over that surface (Table 3) . While significant improvements were made in this ratio, more so than for any of the bent leg configurations, the effects were mostly localized around individual muscle force attachment locations and, therefore, the ''desired'' amount of improvement in stress state uniformity over the whole bone surface, the stopping criterion/optimization goal, was not achieved prior to the attainment of the chosen maximum diameter size limits in these muscle attachment regions. While this shows that the initial geometry has a great influence on the resulting ''optimized'' shape, this limitation of gradientless-based optimization was not detrimental to the intent of this investigation, which focused on the relative effects of the conditions studied rather than precise shape predictions. In fact, because the diaphyseal shaft of the tibia bone is approximately uniform, the initial geometry is, in fact, an appropriate representation. These results are interpreted to indicate that exercises using a straight leg do not as efficiently strengthen the tibia bone as do exercises with a bent leg. This supports the conventional clinical perspective on tibial bone strengthening exercises.
Discussion
The sequential application of two or more resultant force directions with varying single-load adaptations was shown to provide a more robust, although less specialized, bone design, resistant to a wider range of encountered loading modes. This is essentially the conclusion of many jointangle-based muscle strengthening studies that suggest training over a wide range of joint angles for overall strength improvement. 24, [26] [27] [28] 45 However, with the model used in the current work, investigations of the relationships between exercise parameters can help to design exercises to tailor strengthening and aids in the understanding of clinical observations.
Customization of isometric exercises
Through the presented results of this study and the further use of the modeling tool, customized isometric exercises can be developed to target specific weakened or fracture prone regions of bone. For example, if a region of bone has become weakened, this modeling tool can be used to develop the sets of joint angles and resultant forces that can significantly strengthen it. If particular loading conditions are commonly encountered, such as in the repetitive resultant force of an athlete or due to a particular occupation, those loads can be simulated to assess the effects they may have on the local strength adaptations and to develop counter methods to adjust for any resulting local weakening.
Single-load conditions that resulted in anterior proximal thickening of the tibia bone were mainly the anteriorly directed and superiorly directed resultant forces with the straight leg configuration and the posteriorly directed resultant force with the 90°and 45°configurations. Conditions that resulted in anterior distal thickening included the posteriorly directed force with the straight leg configuration, the anteriorly directed and superiorly directed resultant force with the 45°configuration, and the inferiorly directed resultant force with the 90°configura-tion. Conditions that resulted in posterior proximal thickening included the anteriorly and superiorly directed resultant forces with the straight leg configuration and the posteriorly directed resultant force with the 45°configura-tion. Conditions that resulted in posterior distal thickening included the inferiorly directed resultant force with the straight leg configuration, the anteriorly directed and superiorly directed resultant forces with the 45°configura-tion, and the posteriorly directed and the inferiorly directed resultant force in the 90°configuration. Some combinations of joint angles and resultant forces resulted in common growth patterns. These included the anteriorly directed and superiorly directed resultant forces in the straight leg configuration, the posteriorly directed and inferiorly directed resultant forces in the straight leg configuration, and the anteriorly directed and inferiorly directed resultants in both the 45°and 90°configurations. While the strength adaptations to individual resulting force may be desirable, the model data can be further used to design exercises with combinations of net isometric resultant forces that work to maintain or enhance beneficial adaptive effects and mitigate undesirable ones. For example, distal decay was prevented by the addition of a superiorly directed resultant force following or preceding a posteriorly directed one with the leg in the 90°configura-tion ( Figure 9 ). While this prescribed sequential loading pattern reduced the stress uniformity under each singleload condition, it reduced the thinning that would occur by the single-load exercise and the resulting undesirable distal tibial weakening under arbitrarily encountered conditions.
Comparison to previously published experimental measurements
Despite the simplifications used in this study and its focus on comparative analyses rather than precise predictions of experimentally observable phenomena, the magnitudes of the individual muscle force predicted by this model for the conditions studied, which ranged from 100 to 2000 N, were found to be consistent with experimentally measured muscle force magnitudes generated for similar isometric exercises. 72 In addition, specific sets of muscle force values predicted by this model were found to correlate well with those measured experimentally for similar combinations of joint angles and resultant forces, for example, in the creation of a 100 N resultant force at the foot under hip flexion and extension using a straight leg. 84 While a precise prediction of the total amounts of cortical bone growth or decay was not the intent of this study, comparisons between predicted amounts of material resorption and deposition and experimentally measured changes in human long bones can gage the likelihood of achieving the reported differences in strength changes due to the sufficient repetition of the examined exercises. Most of the radial growth predicted for all cases studied was less than 6 mm, and most of the predicted radial decay was less than 1 mm. Age and disuse in human adults have been found to cause a 1-2 mm reduction in the cortical thickness of long bones and often corresponds to a similar magnitude of measured increase in the outer diameter of these bones, as they adjust to the decrease in mineral-based strength. 80, 85 Alternatively, cortical regions in the bones of the dominant arm of adult tennis players have been found to be 35% thicker than in their non-dominant arm, demonstrating approximately 3-4 mm of material apposition as a result of this type of prolonged exercise. 86 With the amounts of growth and decay predicted in this study of the same order of experimentally measured changes in adult human cortical bone thickness, confidence is gained in using the model predictions as a basis for the evaluation of the relative changes in local bone strength.
This comparative study furthers the examination of individual muscle force magnitudes common to many human-based experimental and clinical evaluations of isometric exercise-based musculoskeletal strengthening by relating the effects that combinations of muscle forces have on the ensuing changes in bone strength. In a recent study that experimentally measured the intensity of the electrical activity in the VAST and RF muscles under isometric knee extension at different knee joint angles, 27 it was found that a larger force was produced by the VAST muscle with the knee bent at 90°than with a nearly straight leg. In addition, the study found that to produce the same resultant force with either a straight or flexed knee required similarly intense RF muscle activity, which was measured to be greater than that of the VAST when the leg was straight. In the current study, isometric knee extension was produced in the 90°configuration by the inferiorly directed resultant force, while the isometric knee extension corresponded to the anteriorly directed resultant force for the straight leg configuration. The numerical models presented here predicted these same trends in muscle activity that were described from the above observed experiment 27 ( Table 2 ) using only mechanical analyses and without direct consideration of neuromuscular or physiological phenomena. The current models furthered the understanding of this trend in muscle activity to predict the resulting bone stresses and ensuing strength adaptation, as it showed this combination of muscle forces can cause distal thickening on the anterior and posterior sides of the tibia bone with isometric knee extension with a bent leg and proximal thickening on the anterior and posterior sides of the tibia bone with isometric knee extension with a straight leg. Thus, when used as a tool to supplement experimental observations, the developed model can provide a more complete investigation of the full musculoskeletal effects of the different isometric exercises.
Conclusions
The computational analyses in this work revealed the combined effects of muscle force vector directions and magnitudes and the orientation of the bone segments with respect to each other and the system constraints on bone strength changes. It provided a better understanding of the significance of joint angles on muscle and bone strengthening within a more complete multi-bone, multi-joint, multimuscle system and offered suggestions of exercises that result in the thickening of particular regions of the tibial bone. Such information can be used both to design exercises for targeted bone strengthening and to enhance experimental observations, which are often limited to discrete spatial and temporal measurements. Improvements to the accuracy of the predictions of local stresses and strain energy densities used to drive the shape adaptation model can be made through a more detailed three-dimensional representation of the musculoskeletal geometry, including more contoured initial cortical thicknesses, three-dimensional muscle force vectors, and the coupling of this model with the changes in cancellous bone density, and thus material properties, that occur simultaneously in physiological skeletal systems.
Despite the benefits of the current model results and regardless of the improvements that can be made to the accuracy of the predictions, the ability to rank the overall effectiveness of each condition studied on general bone strengthening remains limited. The presented changes in bone stress distributions, while an indication of overall strength alterations, are focused only on the loads to which the bone was adapted and do not indicate the response of the altered bone shape to other loads. If more generalized strength is the goal of the exercise design, then the development of better means of assessing performance of the optimized bone shape may be beneficial.
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Appendix A
(cross-sectional), and global (whole surface) measures of the changes in geometry and stress state were tracked with each shape optimization iteration as the simulation was performed when a superiorly directed load was generated by the leg system either before or after an inferiorly directed resultant force. Geometric measures (areas, moments of inertia, and maximum radial dimension) of transverse cross-sections every one-sixth of the tibial length showed maximum differences of less than 1%, most less than 0.1%, between the two load order cases. The element area weighted surface average SED on both bone surfaces demonstrated a maximum difference of less than 0.5% throughout the shape optimization process, indicating an indifference of the model to load order. A comparison of the nodal SED at the initial and final shape optimization iterations along the length of the tibia on the anterior surface (+x Cartesian coordinate or 0°angular cylindrical coordinate) is presented for the superiorly directed resultant force in Figure B2 . An array of the constants in the constraint equations (2) F A n array of the force magnitudes for the muscles studied (1)
The force vector generated by the lth muscle (3) F l
The magnitude of the lth muscle force in a direction along the length of the muscle (1) g(F)
An array of length n + m that contains the system constraint equations (2) k Index counting shape optimization iteration (4)/(5) l Index counting muscle number or node number (3)/(5) m
The number of momentum balance equations to be satisfied by the system (3) M m
The moment vector due to the net reaction force between the system studied and the external environment about the mth joint
n The number of individual muscles included in the system studied (1) PCSA l
The physiological cross-sectional area of the lth muscle (1) q Index counting constraint equation number (3) r lm
The vector defining the lth muscle's moment arm about the mth joint.
The local strain energy density (scalar measure of the local stress state) of node l at iteration k (5) SED
EleAWSurfAvg k
The element area weighted local strain energy density at iteration k over the surface being optimized (5) SED
EleAWStDev k
The element area weighted local strain energy density at iteration k over the surface being optimized (5)
The growth driver expression of node l at iteration k (5)
The local radial coordinate of node l at iteration k Identified components of multi-load case
